Introduction
============

In recent years, lanthanide (Ln)-doped upconversion nanocrystals (UCNPs) have attracted broad attention because of their unique optical properties such as narrow bandwidth, long-lived emission, large anti-Stokes shifts and ligand-dependent luminescence sensitization [@B1]-[@B5]. Due to their good biocompatibility and near infrared radiation (NIR) imaging, lanthanide (Ln) doped UCNPs exhibit great potential in applications such as biomolecule-labeling, in vivo tracking, and molecular imaging [@B6]-[@B10]. Upconversion luminescent nanocrystals exhibit distinctive advantages over conventional luminescent materials such as quantum dots (QDs) and organic fluorescent dyes. Both QDs and organic dyes are generally excited with ultraviolet (UV) and visible light, which may cause photo-damage and gene mutation of biological samples. Organic dyes often suffer from intrinsic photobleaching and low emission efficiency [@B11]-[@B16]. QDs exhibit high quantum yield, high photostability and size-dependent tunable emission, being attractive alternative luminescent labels for ultrasensitive detection and molecular imaging. However, there are several factors to limit the use of QDs for bio-imaging. For example, QDs may threaten human health due to the fact that typical QDs are composed of heavy metals (e.g., CdSe) and can easily penetrate into cells [@B11], [@B12]. Intermittent emission (blinking) of QDs also leads to a limited use for bio-imaging. Conversely, UCNPs have many merits such as the absence of photodamage to live organisms, low autofluorescence background, high signal-to-noise ratio and high detection sensitivity, and high light penetration depth in biological tissues, exhibiting great potential in applications such as *in vitro* and *in vivo* optical imaging [@B17]. In addition, UCNPs were excited by NIR light, which has the deep penetration ability and is very safe to human body and cells [@B18], [@B19].

In recent years, great efforts have been made to the controllable synthesis of rare earth (RE) fluoride nanocrystals. In particular, high quality fluoride nanocrystals have been synthesized successfully through chemical methods such as hydro (solvo) thermal reaction, thermal decomposition of RE organic precursors and the emerging ionic liquids (ILs) method [@B20]. However, the three reaction systems still have some significant drawbacks. For example, in the typical hydro (solvo) thermal reaction system, it is still very difficult to control the crystal phase and maintain small size (\<50 nm) simultaneously [@B21]-[@B23]. The thermal decomposition system needs rigorous experimental conditions such as high temperature (\>300^o^C), inert gas protection, waterless environment, and toxic organic precursors. In order to solve these problems, our group established the oleic acid (OA)/ionic liquid (ILs) two-phase system, combining the features of thermal decomposition (size and morphology control) and IL-based strategy (mild conditions, environment-friendly reagents and direct water-solubility) [@B24], which has been successfully used to prepare highly uniform and monodisperse rare earth fluoride nanocrystals with less than 50 nm in diameter. For example, water-soluble hexagonal NaREF~4~ nanocrystals were obtained by adding n-octanol [@B25], high-quality lanthanide-doped NaGdF~4~upconversion nanocrystals with different crystal-phases also were obtained in OA-phase and IL-phase through a one-step controllable reaction, and the synthesized lanthanide-doped NaGdF~4~ upconversion nanocrystals also were successfully used for dual-modality UCL imaging and CT imaging [@B26], water-soluble hexagonal rare earth (RE= La, Gd and Y) fluoride nanocrystals with uniform morphology were also obtained, IL (BmimPF~6~) and n-octanol played key roles in transforming phase structure and controlling particle size [@B27]. Upconversion nanocrystals such as NaREF~4~ exhibited two polymorphic forms, namely cubic (α) and hexagonal (β) phases, of which β-NaYF~4~: Yb, Er/Tm nanocrystals displayed excellent performance in biomolecule-labeling and molecular imaging. It is confirmed that the maximal NIR-to-NIR UCPL output of NaYbF~4~, 2%Tm nanocrystals was three to four times higher than that of NaYF~4~: 20%Yb, 2%Tm [@B28], [@B29]. However, up to date, no report is associated with the synthesis of NaYbF~4~: 25%Gd, 2%Tm upconversion nanocrystals via OA/ILs two-phase system.

It is well known that gastric cancer is currently the fourth most common cancer in the world, and the second most common cancer and second most common cause of cancer-related death in China [@B30]-[@B32]. Gastric cancer remains difficult to cure because most patients were present with advanced disease [@B33]. Therefore, how to recognize and track early gastric cancer cells is one key problem for diagnosis and therapy of early gastric cancer. Since 1998, we have been trying to establish an early gastric cancer prewarning system [@B34], [@B35]. In order to find *in vivo*early gastric cancer cells, we selected potential biomarkers associated with gastric cancer, combined nanoparticles and molecular imaging techniques, and tried to identify early gastric cancer cells *in vivo*[@B36]-[@B44]. However, up to date, there are no real safe efficient multi-functional nanoprobes that have been successfully developed to recognize early gastric cancer cells *in vivo*. Therefore, how to develop safe, efficient nanoprobes to recognize early gastric cancer cells *in vivo*has become our major concerns.

Herein we used novel OA/IL two-phase system to prepare a uniform size and phase NaYbF~4~: 25% Gd, 2%Tm upconversion nanocrystals, and investigated the influence of Na^+^ concentration and the introduction of RE^3+^ on the size control and phase transition, and then optimized the synthesis condition, prepared folic acid-conjugated β-phase core/shell NaYbF~4~: 25%Gd, 2%Tm\@SiO~2~ nanoprobes. prepared nanoprobes were injected into the nude mice models loaded with gastric cancer cells, and investigated the feasibility of their use as contrast reagents for targeted NIR fluorescent imaging of gastric cancer tissues*in vivo*. Results showed that highly uniform and monodisperse cubic NaYbF~4~, 2%Tm (α-phase) and hexagonal NaYbF~4~: 25%Gd, 2%Tm (β-phase) nanocrystals with small size and strong fluorescent signals were obtained in the OA/IL two-phase system. The ideal luminescence nanocrystals were successfully used for targeted fluorescent imaging of gastric cancer tissues*in vivo*. The folic acid-conjugated NaYbF~4~:25%Gd, 2%Tm\@SiO~2~ nanocrystals show great potential in applications such as targeted NIR imaging, MRI and treatment of early gastric cancer in the near future.

Materials and Methods
=====================

Synthesis of hydrophobic cubic-phase NaYbF~4~, 2%Tm nanocrystals
----------------------------------------------------------------

RE(oleate)~3~ complexes were prepared by previously reported methods [@B45], [@B46]. OA-capped UCNPs were synthesized by a novel OA/IL two-phase system [@B27]. 1mmol of RE(oleate)~3~ \[Yb: Tm\] = \[98: 2\] and a stoichiometric amount of sodium oleate were mixed together in a 50-mL Teflon-lined autoclave which contained 15 mL of BmimBF~4~ and 10mL of oleic acid. The two-phase system was sealed and maintained at 240 ^o^C for 24 h. The precipitates can be found on the interface of the two phase system when the products were cooled to room temperature naturally. Then, they were washed by cyclohexane and ethanol several times to remove the extra oleic acid and other remnants under ultrasonic conditions, and were collected through centrifugation at 8500 rpm. Finally, the products were dried at 65 ^o^C under vacuum for 12 h.

Synthesis of hydrophilic hexagonal-phase NaYbF~4~: 25%Gd, 2%Tm nanocrystals in IL-phase
---------------------------------------------------------------------------------------

1mmol of RE(oleate)~3~ \[Yb: Gd: Tm\] = \[73: 25: 2\] and the amount of 130 mol% sodium oleate were mixed together in a 50-mL Teflon-lined autoclave in order to prepare a uniform hexagonal-phase nanocrystals. The synthetic procedure was nearly the same as that used to synthesize the cubic-phase products except that 30 mL of BmimBF~6~ ionic liquid was added to the two-phase system instead of 15 mL of BmimBF~4~. The products were separated through centrifugation at 9500 rpm and then they were collected by purifying the precipitates with cyclohexane and ethanol several times to remove oleic acid, ionic liquid, and other remnants. The products were dried at 65 ^o^C under vacuum overnight.

Silica coating on hexagonal-phase NaYbF4: 25%Gd, 2% Tm nanocrystals
-------------------------------------------------------------------

In a 25ml vial, 0.1 mmol of as-prepared NaYbF4: 25%Gd, 2%Tm UCNPs were dispersed in 5 mL of ethanol, then 0.1 mL of ammonium hydroxide (28%wt in water) was dropped. Thereafter 15mL ethanol containing 120 μ L TEOS was added quickly with vigorous stirring. The solution was stirred at room temperature for 24 h. Finally, the silica-coated products were collected by adding deionized water and centrifuging to precipitate the products at a speed of 8500 rpm. The products were further purified by washing with ethanol and water several times to remove the residual reagents.

Synthesis of the amine-functionalized nanocrystals (UCNP\@SiO~2~-NH~2~)
-----------------------------------------------------------------------

In a 100 mL glass flask, 1mmol of as-prepared silica-coated NaYbF4: 25%Gd, 2%Tm UCNPs were dispersed in 30mL of ethanol by sonication. Next, 10mL APS was added to the solution and the mixture is stirred and refluxed at 83°C for 4h. Then, they were repeatedly washed with ethanol and water several times.

Synthesis of the folic acidconjugated nanocrystals (UCNP -FA)
-------------------------------------------------------------

The folic acid conjugated UCNP nanocrystals were prepared by conjugating the amine-functionalized UCNP\@SiO~2~-NH~2~ (NaYbF~4~: 25 mol% Gd, 2 mol% Tm) with activated folic acid(FA). In brief, FA (120 mg, 2.72×10^−4^mol) was dissolved in 25mL anhydrous dimethylsulfoxide (DMSO). EDC and NHS (molar ratio of FA/EDC/NHS=1:1:2.5) were added, and the mixture was stirred gently at room temperature for 1 h. UCNP\@SiO~2~-NH~2~ nanocrystals (30mg) dissolved in DMSO (20 mL) were added to the activated FA solution, and the mixture was stirred gently for 3h at room temperature. The resultant precipitates were separated by centrifugation at 12000 rpm for 15 min and subsequently washed 3 times with PBS (pH 7.4). The powder was then dried under vacuum.

Cytotoxicity of UCNP\@SiO~2~-NH~2~ nanocrystals before and after FA conjugation
-------------------------------------------------------------------------------

In vitro cytotoxicity of prepared UCNPs to human gastric cancer cell line MGC-803 cells was measured by using CCK-8 kit. The human gastric cancer cell line MGC803 cells were cultivated in Roswell Park Memorial Institute medium (RPMI) 1640 (Gibco, Invitrogen Corp., Carlsbad, CA) medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin in 96-well plate 5% CO~2~, 37 ^o^C for 24 h. The density of cells in a 96-well plates is 4×10^3^ cells /well (the 36 peripheral wells were filled with PBS, the remaining was control group). On the second day, different volume of UCNP\@SiO~2~-NH~2~ nanocrystals before and after FA conjugation were dissolved in culture medium and the final concentration was 50, 100, 200, 400, 800 μg/mL. Thereafter, the medium was removed and cells were washed with PBS for two times. Cell viability was evaluated by CCK-8 kit, the optical absorbance of the solution was measured at 450 nm with 96-well microplate reader (Perkine Elmer). Results are calculated as percentages relative to control cells. Data are mean ±SD from three independent experiments.

Confocal luminescence imaging of cells incubated with UCNPs
-----------------------------------------------------------

Confocal luminescence imaging of cells was performed with a modified Leica laser-scanning microscope, with a CW NIR laser at λ =980 nm as the excitation source. UCNPs were excited by the external laser at 980 nm. And the emissions were collected in the ranges of λ= 400-800 nm for UCNPs. Cells were respectively cultured on 20mm glass cover slips in 6-well plates (2.5*×*10^5^cells/well) and pre-incubated for 24h. Then, MGC803 and GES cells were cultured in 2mL PBS contain UCNP-FA nanocrystals (200 μg/mL) instead of medium for 1 h at 37 ^o^C. Another group MGC803 cells were incubated with UCNP\@SiO~2~-NH~2~, and the third group MGC803 cells were incubated with excess free FA and UCNP-FA nanocomposites under the same conditions for competition experiments. All cells were washed three times with PBS solution and cells were fixed with 4% paraformaldehyde solution for 15 minutes at room temperature. Afterwards, PBS was used to rinse cells twice and the glass cover slips were transferred onto glass slides with 30% glycerol mounting medium.

Nude mice models with gastric cancer and in vivo imaging
--------------------------------------------------------

All animal experiments (No.SYXK2007-0025) were approved by the Institutional Animal Care and Use Committee of Shanghai Jiao Tong university. Nude mice were obtained from Shanghai SLAC Laboratory Animal Co. Ltd (Shanghai, China). Animal procedures were in agreement with the guidelines of the Institutional Animal Care and Use Committee. Eight nude mice (4weeks old, 17±2g) were randomly divided into two groups such as intravenous injection group and control group, four mice per group. UCNP-FA or UCNP\@SiO~2~-NH~2~ aqueous solution (250μL 400μg/ mL) in PBS was injected into the nude mice via the tail vein after the mice were anesthetized with 100 μL 10% chloral hydrate for half an h. The images of mice at 4 h post-injection were recorded by a modified IVIS Lumina XR (Xenogen Corporation-Caliper, Alameda, CA,USA) with an external 0 \~ 5 W adjustable CW infrared laser (980 nm, Shanghai Connet Fiber Optics Co., China) as the excited source.

Statistical Analysis
--------------------

All data were presented in this paper as means value ± S.D. Statistical differences were evaluated using the*t*-test and considered significance at *P*\< 0.05 level.

Results and Discussions
=======================

Synthesis and characterization of cubic-phase UCNPs
---------------------------------------------------

The α-phase NaYbF~4~, 2%Tm nanocrystals were synthesized by an OA/IL two-phase synthesis system. As shown in Figure [1](#F1){ref-type="fig"}, all the α-phase UCNPs exhibited spherical in shape, high uniformity and monodispersity. The average diameter of these nanoparticles was 7.76 ± 1.19 nm, which was confirmed by a detailed analysis of around 190 nanoparticles. [Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S1a shows the size distribution of oil-dispersible α-phase NaYbF~4~, 2%Tm nanocrystals. The size distribution is consistent with a Gaussian distribution. In addition, HR-TEM image (Fig. [1](#F1){ref-type="fig"}C) shows the lattice distance of 0.30 nm, corresponding to d spacing for the (111) lattice plane of the α-phase NaYbF~4~ structure. X-Ray diffraction (XRD) analysis was conducted to determine the phase structure of NaYbF~4~, 2%Tm in the OA phase ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S2). The XRD pattern for NaYbF~4~, 2%Tm agrees well with the cubic-phase NaYbF~4~ (JCPDS: 77-2043). Figure [1](#F1){ref-type="fig"}D shows clear diffraction rings corresponding to the specific (111),(200),(220), (311),(331) and (400) planes of α-phase NaYbF~4~ lattice.

Synthesis and characterization of hexagonal phase UCNPs
-------------------------------------------------------

As shown in Figure [3](#F3){ref-type="fig"}A, the β-phase NaYbF~4~: 25%Gd, 2%Tm UCNPs were a mixture of round-shaped nanocrystals and elongated nanocrystals with the diameter of 32.13 ± 7.76 nm. The particle size distribution is given in [Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S1b. We can clearly see products in IL phase are much bigger than that synthesized in OA phase. In addition, HR-TEM image (Fig. [3](#F3){ref-type="fig"}C) shows the lattice distance of 0.51 nm, corresponding to *d* spacing for the (100) lattice plane of the hexagonal NaYbF~4~ structure. The crystal phase of the products was further characterized by X-ray diffraction (XRD) data, as shown in Figure [2](#F2){ref-type="fig"}f. Figure [4](#F4){ref-type="fig"}D shows diffraction rings corresponding to the specific (100), (110), (111), (200), (201) (210), and (211) planes of hexagonal NaYbF~4~lattice. The upconversion luminescence (UCL) spectrum of Tm^3+^ doped β-phase UCNPs nanocrystals is shown in [Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S3, which showed that the fluorescent intensity of prepared beta-phase UCNPs was markedly enhanced comparing to conventional β-phase NaYbF~4~UCNPs.

According to the spectra of Tm^3+^ doped products, under excitation of CW laser at 980 nm, four distinct Tm^3+^ emission bands at 450, 475, 695 and 800 nm were identified. They originated from ^1^D~2~/^3^F~4~, ^1^G~4~/^3^H~6~, ^3^F~3~/^3^H~6~ and ^3^H~4~/^3^H~6~ transitions of Tm^3+^, respectively. Obviously the predominant NIR emission band at around 800 nm is assigned to the ^3^H~4~/^3^H~6~ transition, indicating that radiative deactivation of the upconverted energy predominantly occurs through NIR luminescence, which is favorable for bioimaging.

In fact, water-soluble NaYbF~4~ nanocrystals with a pure hexagonal phase (β-phase) were not easily obtained. As disclosed in Figure [2](#F2){ref-type="fig"}a, the NaYbF~4~, 2%Tm nanocrystals are a mixture of α-phase and β-phase nanocrystals. Pure β-NaYbF~4~was not achieved even when we added 30mL BmimPF~6~ to the mixture and kept the system heated at 240 ^o^C for 24 h [@B38]. Therefore, in this study, Gd^3+^ions were introduced at different doping levels to trigger phase transformation in upconversion NaYbF~4~, 2%Tm nanocrystals. The pure hexagonal phase of NaYbF~4~, 2%Tm was obtained when 50 mol% Gd^3+^ ions were added in the first place (Fig. [2](#F2){ref-type="fig"}b). Then, we try to reduce the amount of Gd^3+^ ions. But when the amount of Gd^3+^ions was set at 30mol % and 25mol%, we found α-phase and β-phase of NaYbF~4~,Tm exist simultaneously and the XRD pattern were shown in Figure [2](#F2){ref-type="fig"}d and Figure [2](#F2){ref-type="fig"}e. After a serial of experiments, it is found that increasing the volume of sodium oleate might lead to the α→β phase transition, so the ratio of Na^+^ : RE^3+^ was increased to 1.3:1 and it turned out the pure hexagonal phase of NaYbF~4~, 2%Tm can be obtained (Fig. [2](#F2){ref-type="fig"}c and Fig. [2](#F2){ref-type="fig"}f).

With regard to its α→β phase transition behavior, NaREF~4~ along the rare-earth series can be divided into three groups (I: Pr and Nd; II: Sm to Tb; III: Dy to Lu, Y) [@B47]. The corresponding RE fluorides of different group has different growing behavior and crystal structures with the radii changing. So we find the pure hexagonal phases of some RE fluorides are easily obtained in the OA/IL synthesis system, the others are not easily obtained. For example, the pure hexagonal NaGdF~4~ and NaYF~4~ are much easier to be obtained in the OA/IL system comparing to NaYbF~4~. Nanocrystals can be tuned in phase (cubic or hexagonal) through the use of trivalent lanthanide dopant ions introduced at precisely defined concentrations [@B23]. For the OA/IL synthesis system, β-NaREF~4~ in groups I and II was synthesized easily (such as La and Gd), while those in group III are not easily synthesized. In the structure of cubic sodium rare earth (RE) fluoride systems (NaREF~4~), Na and RE cations are randomly distributed in the cationic sub-lattice. In contrast, in the hexagonal sodium rare earth (RE) fluoride systems, the cation sites have three types: a one-fold site occupied by RE^3+^, a one-fold site occupied randomly by 1/2Na^+^ and 1/2RE^3+^, and a two-fold site occupied randomly by Na^+^ and vacancies [@B48]. According to previous reports [@B49], compared with the Ln elements with larger ionic radius (such as Gd^3+^), those with smaller ionic radius (such as Yb^3+^) have higher energy barriers for the synthesis of hexagonal products. Importantly, light lanthanides with large ionic radii show a high tendency towards electron cloud distortion due to increased dipole polarizability, and thus favor the hexagonal structures. We adopted the method of doping the lanthanide ions (such as Gd^3+^) with a size larger than Yb^3+^ in NaYbF~4~ host lattices, this should dominate the formation of pure hexagonal-phase NaYbF~4~ nanocrystals [@B23].

The formation process of NaREF~4~ is that the C~17~H~33~COO- bonded with RE^3+^ is gradually replaced by PF~6~^-^, then when the whole system reaches a certain temperature, F^-^ anions are released from the cleavage of P-F bond to react with RE^3+^ions. As we known, C~17~H~33~COO- has a strong coordination capacity with RE^3+^ions, we believe the increasing volume of sodium oleate will make the competition between PF^-^anions and C~17~H~33~COO- much fiercer which slows down the formation process of NaREF~4~ and facilitate the anisotropic growth and lead to the formation of hexagonal structure. It is also possible because the increasing volume of Na^3+^ ions makes it easier to occupy the sites in the cationic sublattice. Scheme 1 (Figure [A](#FA){ref-type="fig"}) shows the process of the formation of hexagonal RE fluoride nanocrystals in an OA/IL two-phase synthesis system.

Synthesis and characterization of UCNP-FA core-shell nanocrystals
-----------------------------------------------------------------

To enhance stability and explore the biological application of the as-prepared products, silica coating was conducted to improve the biocompatibility of UCNPs while maintaining strong luminescent intensities. The Stöber method, which is performed in polar solvent and suitable for hydrophilic products, was used to coat silica onto the IL-capped hexagonal UCNPs. Also the IL ligands on the surface of the as-prepared products make them disperse in water or ethanol and allow their affinity to silica easily. As disclosed in [Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S4b, a thin layer silica shell with a thickness of approximately 8.17 nm surrounded the surface of NaYbF~4~:25%Gd, 2%Tm nanocrystals. FT-IR and energy-dispersive X-ray (EDX) analysis revealed the successful silica coating on the surface of NaYbF~4~:25%Gd, 2%Tm UCNPs. A strong and broad band at 1081 cm^-1^, corresponding to the O-Si-O asymmetric stretching vibration, was observed in the spectrum ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S5a). Also, a relatively weaker peak at 796cm^-1^ attributed to the deformation vibration δsi-o, appeared in the FT-IR spectrum of the silica coated UCNPs. These observations were indicative of successful fabrication of the core-shell nanocrystals. The zeta potential value of the UCNPs without surface modification is around +20 ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S5b). When the silica coating was conducted, the value decreased to about -20. It indicated that the SiO~2~ was successfully coated on the surface of the UCNPs. As shown in [Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S5c,d, the EDX patterns showed that elements of Na, Yb, F, and Gd were all present in both hexagonal phase UCNPs and UCNP\@SiO~2~ nanocrystals, whereas Si and O can only be found in the UCNP\@SiO~2~nanocrystals, which also provide evidence that the silica was successfully coated on the surface of the hexagonal phase UCNPs. Moreover, the presence of the amino group in the UCNP\@SiO~2~-NH~2~ nanocrystals was confirmed by the measurement of zeta potential ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S6b). The zeta potential value of the UCNP\@SiO~2~-NH~2~increased from -20 to around +60. Based on the UV-vis spectrum of UCNP-FA, it was confirmed that FA molecules were successfully conjugated on UCNP nanoparticles ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S6).

Cytotoxicity of the core-shell nanocomposites
---------------------------------------------

To evaluate the cytotoxicity of UCNP\@SiO~2~-NH~2~ and UCNP-FA nanocrystals, we conducted CCK assays on human gastric cancer cell line MGC-803 cells, at 37 ^o^C for 24h. The viability of untreated cells was assumed to be 100%. As shown in Figure [4](#F4){ref-type="fig"}(2), cell viabilities of MGC-803 cells incubated with different doses of UCNP\@SiO~2~-NH~2~for 24h were over 80%, As it shows in Figure [4](#F4){ref-type="fig"}(2), the cell viabilities of MGC-803 cells incubated with different concentration of UCNP-FA decreased comparing to UCNP\@SiO~2~-NH~2~treated cells, but most of the samples were over 80% viability, which fully suggests that prepared UCNPs and UCNP-FA have low cytotoxicity, and may be ideal candidates for further biological applications.

Fluorescent imaging of gastric cancer cells by confocal microscopy
------------------------------------------------------------------

The key for tumor targeted imaging based on nanoprobes is the ability of nanoprobes to target specific organelles or receptors. Folate receptor (FR) is a glycosylphosphatidylinositol (GPI)-anchored, high-affinity membrane folate binding protein overexpressed in a wide variety of human tumors, including \>90% of gastric cancer [@B50], [@B51]. Meanwhile, distribution of folate receptor in normal tissues is highly restricted, which make folate receptor a useful target for cancer diagnosis and therapy [@B52]-[@B58].

To investigate the UCNP-FA nanoprobes\' targeted ability, we studied the effects of folic acid conjugated UCNP\@SiO~2~-NH~2~ nanoprobes on FR-positive MGC803 cells and FR-negative GES cells by using a modified Leica laser-scanning confocal microscopy (LSCM) with a CW laser at λ=980 nm as an additional excitation source [@B59]. Under CW excitation at λ=980 nm, we observed the luminescence signals in the MGC803 cells incubated with UCNP-FA nanoprobes for 1h at 37 ^o^C (Fig. [5](#F5){ref-type="fig"}A), but no signal were detected in the MGC803 cells incubated with UCNP\@SiO~2~-NH~2~under the same condition (Fig. [5](#F5){ref-type="fig"}B). No luminescence signals were observed in the GES cells incubated with UCNP-FA nanoprobe (Fig. [5](#F5){ref-type="fig"}D). Competition experiments were conducted under the same conditions to confirm FA receptor\'s function. MGC803 cells with FA receptors were simultaneously incubated with UCNP-FA nanoprobes and excess FA for 3h at 37 ^o^C, no luminescence signals were observed, as shown in Fig.[5](#F5){ref-type="fig"}C. These results fully confirmed that UCNPs -FA could target and bind folate receptors overexpressed on gastric cancer cell line MGC-803 cells [@B60]-[@B65], and the fluorescent signal intensity in the gastric cancer cell line MGC803 cells is satisfactory.

Targeted imaging of in vivo gastric cancer cells by IVIS imaging system
-----------------------------------------------------------------------

To determine the feasibility of the use of FA conjugated silicon-modified NaYbF~4~: 25%Gd, 2%Tm UCNPs as a contrast reagent for targeted imaging of gastric cancer *in vivo*, we injected the prepared UCNP-FA nanoprobes into nude mice loaded with gastric cancer cells. Firstly, we transplanted human gastric cancer cell MGC803 cells into the subcutaneous position of nude mice, Secondly, when the tumor tissues grew up to 5mm in diameter, the nude mice were injected with UCNP-FA nanoprobes via tail vein. Then, the mice were imaged at 4h post injection by using a modified IVIS Lumina XR laser-scanning microscope, with a CW NIR laser at λ=980 nm as the excitation source. The emissions was collected nearby λ=800 nm. Figure [6](#F6){ref-type="fig"} shows the in vivo whole-body images of mice injected with the UCNP-FA and UCNP\@SiO~2~-NH~2~, the luminescent signals were collected through the skin of mice (without hair removal). Figure [6](#F6){ref-type="fig"}A showed that there was no autofluorescence interference phenomenon, and UCNP-FA nanoprobes could target gastric cancer tissues*in vivo*. We also investigated the distribution of UCNPs-FA nanoprobes in nude models, as shown in [Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S7, UCNPs-FA nanoprobes mainly distributed in the tumor tissues which further support UCNP-FA nanoprobes can target gastric cancers*in vivo*.

Conclusions
===========

In summary, the α-phase NaYbF~4~, 2%Tm and β-phase NaYbF~4~: 25%Gd, 2%Tm nanocrystals with a uniform shape and size distribution as well as strong fluorescent signals were successfully synthesized through the OA/ IL two-phase synthesis system, and the amount of sodium oleate has an important effects on the transition of α→β phase during the synthesis of β-phase UCNPs, especially increasing Na+ concentration could improve the fluorescent intensity of α-phase and β-phase UCNPs. The β-phase UCNPs were modified through silica coating, FA conjugated UCNP\@SiO~2~-NH~2~ nanoprobes were successfully used for targeted NIR imaging of *in vivo*gastric cancer tissues, with high photostability and low autofluorescence interference. These results clearly show that the FA-conjugated NaYbF~4~: 25%Gd, 2%Tm nanoprobes synthesized via the OA/IL two-phase system have great potential in applications such as NIR fluorescent imaging and targeted therapy of in vivo early gastric cancer in the near future.
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![(A) and (B) TEM images with different magnifications of hydrophobic NaYbF~4~, 2%Tm nanocrystals. (C) The corresponding HR-TEM image. (D) The SAED pattern.](thnov03p0210g01){#F1}

![XRD patterns of NaYbF~4~, 2%Tm nanocrystals fabricated under diffrent conditions: (a) 30mL BmFimPF~6~. (b) 30 mL BmimPF~6~ and 50mol% Gd(oleate)~3~. (c) 30 mL BmimPF~6~, 30mol% Gd(oleate)~3~and excess sodium oleate. (d) 30 mL BmFimPF~6~ and 30mol% Gd(oleate)~3~. (e) 30 mL BmimPF~6~, 25mol% Gd(oleate)~3~. (f) 30 mL BmimPF~6~, 25mol% Gd(oleate)~3~and excess sodium oleate. The peaks marked with a cubic box refer to cubic-phase NaYbF~4~.](thnov03p0210g02){#F2}

![(A) and (B) TEM images with different magnifications of water-soluble hexagonal phase NaYbF~4~: 25%Gd, 2%Tm nanocrystals. (C) The corresponding HR-TEM image. (D) The SAED pattern.](thnov03p0210g03){#F3}

![**(1)**Schematic diagram showing the synthesis of UCNP-FA (short for UCNP\@SiO~2~-NH-FA) core-shell nanocrystals: (A) water-soluble hexagonal phase NaYbF~4~: 25%Gd, 2%Tm nanocrystals. (B) NaYbF~4~: 25%Gd, 2%Tm\@SiO~2~ nanocrystals. (C) amine-functionalized UCNP\@SiO~2~-NH~2~ core-shell nanocrystals. (D) UCNP-FA nanocrystals.(E) folate-mediated targeting with FR-positive tumor cells. **(2)** In vitro cell viability of MGC-803 cells incubated with UCNP\@SiO~2~-NH~2~ and UCNP-FA nanocrystals at different concentrations for 24 h.](thnov03p0210g04){#F4}

![**(Scheme 1)** Schematic diagram showing the mechanism for formation IL-capped RE fluoride nanocrystals in an OA/IL two-phase system.](thnov03p0210g05){#FA}

![Laser scanning confocal microscopy (LSCM) images of MGC803 cells with FA receptor (A) and GES without FA receptor (D) cultivated with UCNP-FA nanocomposites (200 μg/mL) for 1 h at 37 ^o^C. Images (B) exhibit the cells incubated by the UCNP\@SiO~2~-NH~2~ and images (C) show competition experiments in which MGC803 cells were incubated with excess free FA and UCNP-FA nanocomposites under the same conditions. All pictures were taken under the identical instrumental conditions.](thnov03p0210g06){#F5}

![Targeted in vivo NIR luminescence imaging of subcutaneous MGC803 tumor (indicated by short arrows) after intravenous injection of NaYbF~4~: 25%Gd, 2%Tm-FA (A) and NaYbF~4~: 25%Gd, 2%Tm \@SiO~2~-NH~2~. (B) nanoparticles for 4 h.](thnov03p0210g07){#F6}
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